We use seismic, field, core, borehole, and vitrinite-reflectance data to constrain the development of the Newark rift basin, one of the largest and most thoroughly studied basins of the eastern North American rift system that formed during the breakup of Pangaea. These data provide critical information about the geometry of the preserved syn-rift section and the magnitude of post-rift erosion. We incorporate this information into a new structural restoration of the basin. Our work shows that the Newark basin was initially narrow (<25 km) and markedly asymmetric; syn-rift strata show significant thickening toward the basin-bounding faults. Subsequently, the basin became wider (perhaps >100 km wide), deeper (up to 10 km), and less asymmetric; syn-rift strata exhibit subtle thickening toward the basin-bounding fault system. Several intrabasin faults dissected the Newark basin after syn-rift deposition, and the basin fill was tilted (~10° NW) and folded. Erosion (up to 6 km) accompanied the intrabasin faulting, NW tilting, and folding, significantly reducing the basin size. Our work suggests that the eastern North American rift system is characterized by a very broad zone of upper crustal extension in which a few, wide, deep, long-lived, fault-bounded basins (like the Newark basin) accommodated much of the extension.
A massive rift zone developed within the Pangean supercontinent during early Mesozoic time (Fig. 1, inset) . The fragment of the rift zone now preserved on the margin of North America, the eastern North American rift system, consists of a series of exposed and buried rift basins extending from the southeastern United States to the Grand Banks of Canada (e.g., Manspeizer & Cousminer 1988; Olsen et al. 1989; Schlische 1993 Schlische , 2003 Withjack et al. 1998 Withjack et al. , 2012 (Fig. 1) . and Withjack et al. (2012) divided the eastern North American rift system into three segments based on tectonic history (Fig. 1) . Rifting was underway in all three segments by Late Triassic time. The cessation of rifting (and presumably the onset of seafloor spreading) was diachronous, occurring first in the southeastern United States (latest Triassic), then in the northeastern United States and southeastern Canada (Early Jurassic), and finally in the Grand Banks (Early Cretaceous) in agreement with the quantitative plate reconstructions of Schettino & Turco (2009) . The exact timing of breakup and the early seafloor-spreading history, however, remain controversial (e.g., compare the plate reconstructions of Bird et al. 2007; Schettino & Turco 2009; Labails et al. 2010) .
Seismic-reflection, core, and borehole data, acquired by academia and industry, as well as abundant field exposures make the eastern North American rift system a natural laboratory to study the tectonic processes associated with the rifting phase of passive-margin development. Despite this abundance of data, however, fundamental questions remain about the evolution of the eastern North American rift system. Some researchers have proposed that, during rifting, the basins were relatively long, narrow, isolated, and asymmetric, bounded on one side by major faults, much as they are today (i.e., the local-basin hypothesis) (e.g., Barrell 1915; Ratcliffe et al. 1986; Manspeizer 1988; Schlische 1993 Schlische , 2003 (Fig. 2a) . Others have proposed that, during rifting, the basins were long, broad, interconnected, and symmetric, with major faults on both sides (i.e., the broad-terrane hypothesis) (e.g., Russell 1878; Sanders 1963; McHone, 1996) (Fig. 2b) . Still others have proposed that the basins were originally broad sag basins that were later tilted and faulted (e.g., Faill 1973 Faill , 1988 Faill , 2003 Faill , 2005 de Boer & Clifton 1988; Root 1988) (Fig. 2d) .
The goal of this paper is to better define the evolution of the eastern North American rift system by analyzing and synthesizing data from the Newark rift basin, one of the largest and most thoroughly studied basins of the rift system ( Fig. 1 ). Using seismic, field, core, borehole, and vitrinitereflectance data, we determine the geometry of the preserved syn-rift section, estimate the magnitude of post-rift erosion, and incorporate this information into a structural restoration of the basin. We show that the Newark rift basin was initially narrow and asymmetric, bounded on one side by a major fault system. As rifting progressed, the basin, although still fault-bounded, became much wider, and may have connected with the New York Bight basin to the east and the Hartford basin to the northeast (Fig. 1 ). With these connections to the east and northeast and the well-established physical connection to the southwest (i.e., the Gettysburg basin, Fig. of the world's largest igneous provinces (e.g., May 1971; McHone 1996 McHone , 2000 Marzolli et al. 1999; Olsen 1999; Hames et al. 2003) . All CAMP-related igneous activity occurred during the very latest Triassic and earliest Jurassic (~ 201 Ma) (see Olsen et al. 2003 Whiteside et al. 2010; Schoene et al. 2010 , and references therein). Formerly, the igneous rocks and interbedded sedimentary strata of the Newark basin were considered Early Jurassic in age based on the position of the end-Triassic extinction event below the oldest CAMP basalts (Orange Mountain) (e. g., Fowell & Olsen 1993; Olsen et al. 1990 Olsen et al. , 2002 , with the extinction event taken as representing the Triassic-Jurassic boundary (see discussion of definition of the marine boundary in Hesselbo et al. 2004) . However, establishment of the GSSP (Global Boundary Stratotype Section and Point) for the base of the Hettangian Stage (and hence the base of the Jurassic System) at the first appearance of the ammonite Psiloceras spelae in marine strata in Austria (Morton et al. 2008) moves the base of the Jurassic, by definition, to strata younger than the initial part of the end-Triassic extinction. Thus, the position of the base of the Jurassic in the Newark basin must be correspondingly moved from the uppermost few tens of meters of the Passaic Formation (that contains the initial part of the end-Triassic extinction event) to within the lower Feltville Formation (Whiteside et al. 2010; . This repositioning does not affect any numerical ages (Fig. 5 ) which are based on direct correlations of U-Pb ages on zircons from ashes in marine strata and the CAMP lavas as well as astrochronology and magnetostratigraphy from the Newark and Hartford basins (e.g., Furin et al. 2006; Schoene et al. 2010; Kent & Olsen 1999 Walker & Geissman 2009 ).
Seismic-reflection data
Several seismic-reflection profiles image the subsurface geology of the Newark basin (Costain & Coruh 1989; Reynolds 1994) . Seismic line NB-1, acquired and processed by NORPAC Exploration Services in 1983, trends NW-SE across the central part of the basin (Fig. 6 ). This line, located to the northeast of a major right step in the basin-bounding fault system (Figs. 3, 4) , crosses an anticlinal transverse fold (the Ferndale dome) and a major intrabasin fault (the Flemington/Furlong fault). The version of the line in Fig. 6a , first published by Bally et al. (1991) , is time-migrated and displayed with no vertical exaggeration assuming a velocity of 5 km s -1 , a reasonable average velocity based on seismicvelocity analyses and sonic-log data from the nearby North Central Oil Corporation Cabot KBI No. 1 well (see location in Fig. 3) (Reynolds, 1994) . Our interpretation of seismic line NB-1 (Fig. 6b) honors the seismic data and all available surface geology (e.g., location of formation contacts and major faults) and drill-hole data (e.g., Ratcliffe et al. 1986; Olsen et al. 1996) . The seismic line shows that a major SEdipping fault zone with normal separation bounds the basin on the northwest. The fault zone, characterized by a series of high-amplitude reflections, is relatively planar and dips ~30° to the SE. Using core data, Ratcliffe et al. (1986) demonstrated that this fault zone is a mylonitic Paleozoic thrust fault reactivated during rifting. Similar high-amplitude re-flections in the footwall of the basin-bounding fault zone are likely associated with Paleozoic thrust faults mapped northwest of the Newark basin, some of which were also reactivated during rifting (Fig. 3) . All fault-surface reflections, including those associated with the basin-bounding fault, converge with depth (Fig. 6) .
We propose that a narrow fault block and/or conglomeratic facies produce the narrow no-record zone in the hanging wall of the basin-bounding fault. Field data show that alluvial-fan conglomerates are present in all sedimentary formations in the hanging walls of the basin-bounding faults of the Newark basin, providing evidence of local footwall relief and syn-depositional faulting (Fig. 3 ) (e.g., Arguden & Rudolfo 1986; Schlische 1992; Smoot 2010) . The seismic data show that the syn-rift strata dip ~10° to 15° toward the northwest. Near the basin-bounding fault zone, however, the syn-rift strata are nearly flat-lying. This change in dip is associated with the transverse anticline (the Ferndale dome) whose axial trace is parallel to the seismic line (Fig. 4) . The seismic data also confirm that a major SE-dipping intrabasin fault with normal separation (the Flemington/Furlong fault) cuts the syn-rift strata in this part of the Newark basin. The seismic data suggest that the Stockton Formation (exposed at the surface) and an unexposed older unit (which onlaps Paleozoic pre-rift strata) gradually thicken toward the northwest (i.e., toward the basin-bounding fault zone). The change in bedding dip is ~3° from the top to the bottom of the Stockton Formation. If sediment supply rates were sufficiently high to fill the basin (a reasonable assumption for the dominantly fluvial Stockton Formation; Schlische & Olsen, 1990) , then this thickening toward the basin-bounding fault indicates that faulting and deposition were coeval (i.e., the Stockton Formation and underlying unit are growth deposits). Seismic line NB-1 does not image enough of the Lockatong and Passaic formations to determine whether they are also growth deposits. As discussed below, field and core data provide this critical information.
Field and core data
Field and core data from the Newark Basin Coring Project (NBCP) indicate that the Lockatong and Passaic formations thicken, albeit very gradually, from southeast to northwest toward the basin-bounding fault (Olsen et al. 1996; Schlische 2003; . The northwest thickening occurs for most cycles / members within the formations; it also occurs for both the mudstones and intervening sandstones / conglomerates within the cycles / members located at the edges of the basin. This consistent pattern of northwest thickening indicates increased accommodation space produced by differential subsidence, not local topography of the basin floor. For example, the Skunk Hollow and Tohickon members of the Lockatong Formation (Fig. 5) are present in the NBCP Nursery core and in outcrop at Byram, New Jersey, ~30 km to the northwest (see Fig. 3 for locations). Correlative units (constrained by cyclostratigraphy and magnetostratigraphy) are ~35% thicker at Byram than at the Nursery site (Fig. 7a) . Thus, these two members of the Lockatong Formation thicken gradually from southeast to northwest. The dip change for the Skunk Hollow and Tohickon members is about 0.5° per kilometer of thickness, corresponding to a dip change of ~0.6° for the entire Lockatong Formation. The Perkasie Member of the Passaic Formation (Fig. 5) is present in the NBCP Rutgers core and in outcrop at Milford, New Jersey, ~65 km to the westnorthwest (see Fig. 3 for locations). Correlative units are ~70% thicker at Milford than at the Rutgers site (Fig. 7b) . The dip change for the Perkasie Member is about 0.4° per kilometer of thickness, corresponding to a dip change of ~1° for the entire Passaic Formation. Thus, the core and outcrop data, together with the presence of alluvial-fan conglomerates in the hanging wall adjacent to the basin-bounding fault system, suggest that the Lockatong and Passaic formations are growth deposits. Their thicknesses and their dips increase very gradually toward the basin-bounding fault and with depth, respectively. Consequently, these data indicate that most, but not all, of the 10° to 15° total tilting of the syn-rift strata occurred after the deposition of these formations.
Coarse conglomeratic facies are present in the youngest syn-rift units (i.e., the sedimentary units interbedded with the lava flows) near the basin-bounding fault system, suggesting that they are also growth deposits like the underlying Stockton, Lockatong, and Passaic formations (e.g., Arguden & Rudolfo 1986; Schlische 1992) . Dip magnitudes in the youngest syn-rift units and the underlying adjacent Passaic Formation are similar (e.g., Monteverde & Volkert 2005; R. Volkert, personal communication, 2011) , indicating that most tilting occurred after the deposition of the youngest syn-rift units. It is unclear how much additional syn-rift section, now eroded, once covered the youngest syn-rift units. However, as discussed below, vitrinite-reflectance data provide this critical information.
Vitrinite-reflectance data and analysis
With a constant geothermal gradient, temperature increases linearly with depth; similarly, the logarithm of the percent vitrinite reflectance (% R o ), a diagenetic to very-low-grade organic metamorphic indicator, will increase linearly with depth. The estimates of eroded syn-rift strata for the Newark basin are based on the method of Dow (1977) , which extrapolates the regressed line of a semi-logarithmic borehole vitrinite reflectance vs. depth profile back to % R o = 0.2, the percent reflectance of recently deposited woody-plant matter or low-grade peat (Stach et al. 1982) . The difference between the depth intercept at 0.2% reflectance and the ground surface, or erosional unconformity in question, is the estimate of missing section (Fig. 8) . Malinconico (2002 Malinconico ( , 2010 provides downhole and surface mean-random vitrinite reflectance (% R o ) data for the Newark basin, details of sample preparation, reflectance-measurement methods, and thermal history.
A missing overburden estimate for the Newark basin was initially calculated with the Dow method using the downhole-vitrinite-reflectance data in the Lockatong Formation of the Nursery core (see location in Fig. 3 ), the longest log-linear reflectance vs. depth gradient interval in any of the seven NBCP cores (Fig. 8) . Downhole reflectance data in other NBCP cores and in the North Central Oil Corporation Cabot KBI No. 1 well (see location in Fig. 3 ) had either very short linear intervals or irregular trends attributed to transient heated fluid flow or contact metamorphism. Subsequently, we applied the reflectance-depth gradient of the Nursery core ( Fig. 8 ) to those surface reflectance points considered to be unaffected by contact metamorphism or transient fluid flow to calculate local amounts of eroded syn-rift strata (Fig.  9) . Similarity of the Nursery core reflectance-depth trend with that in: 1) the short log-linear upper part of the NBCP Princeton core (see location in Fig. 3) , and 2) the dipcorrected surface reflectance trend in the northern part of the basin supports the validity of applying this concept to other parts of the basin (Malinconico 2010) .
Error in the estimate of eroded syn-rift section can be due to: 1) uncertainty in the data (standard deviation in each downhole mean random reflectance measurement, borehole deviation from vertical, unknown elevation of derrick floor), and 2) assumptions in the method (no change in geothermal gradient in missing section). Error associated with linear regression of the downhole data was calculated using the parametric bootstrap (Efron & Tibshirani 1993) , a statistical resampling technique. Details of the technique, as applied to eroded overburden estimates in the Taylorsville basin (see location in Fig. 1 ), are described by Malinconico (2003) . In the Nursery core of the Newark basin, the error was ±1.4 km for an estimated missing section of 4.9 km (Malinconico 2010) . A bootstrap test of the error for a lesser amount of estimated missing section (2 km) using the Nursery data is ±0.6 km. Thus, the error is approximately ±30% of the estimated missing section (cross sections, Fig. 9 ). Because all erosion estimates for the Newark basin are based on the same Nursery core reflectance data and bootstrap calculations, a positive error at any one location correlates to positive errors at all other sites. The ±30% error compares favorably with the percent error in previous studies of other basins using maturity data for estimated erosion calculations: 18% -60% (Dow method, Armagnac et al.1989 ); 6% -37% (Dow method, Schegg & Leu 1998) ; and 32% -83% (thermal history reconstruction using vitrinite reflectance and apatite fission-track data, Green et al.1995) . Figure 9 shows contours of the estimated amount of eroded strata based on the vitrinite-reflectance analysis. The maximum erosion (>5 km) occurred on the southeast side of the Newark basin and in the central part of the basin bounded by the basin-bounding fault and several intrabasin faults (i.e., the fault block crossed by transect B-B') (map, Fig. 9 ). The magnitude of erosion systematically decreased from southeast to northwest, toward the basin-bounding fault system. The minimum erosion (<1 km) occurred near the basinbounding fault zone in the northern part of the basin. Contour lines, showing equal magnitudes of interpreted erosion, generally follow the strike of bedding and are offset by the intrabasin faults (see map, Fig. 9 ).
Several lines of evidence indicate that most, if not all, of the estimated eroded material was syn-rift strata. First, the thicknesses and geometries of the post-rift Jurassic sedimentary rocks (inferred from seismic data, e.g., Grow et al. 1988 ) and the younger coastal-plain deposits (e.g., Olsson et al. 1988) to the east of the Newark basin suggest that any post-rift section above the Newark basin was thin (<1 km). Second, thermal-history modeling of the Newark basin (Malinconico 2002 (Malinconico , 2010 ) shows that the current maturity level was reached at maximum burial at the end of syn-rift sedimentation, 193 ± 5 Ma. Calculated paleogeothermal gradients (32 -37° C/km) are similar at several different locations within the basin, indicating that the syn-rift gradient was not reset by subsequent burial by post-rift sediments under a lower passive-margin geothermal gradient. Finally, the estimates of eroded strata are completely consistent with the syn-rift stratal geometries measured from seismic, core, and field data (Fig. 9) .
Restoration of the Newark rift basin through time
We have restored the Newark basin through time for two transects (Figs 3, 10, 11) . The southwestern transect (B-B') crosses only the Stockton, Lockatong, and Passaic formations and a major intrabasinal fault; the northeastern transect (A-A') crosses all formations in the basin but no major intrabasinal faults. Field, well, and seismic data (i.e., our interpretation of seismic line NB-1, Fig. 6b ) constrain the structural geometries on the southwestern transect. Field data alone constrain the structural geometries on the northeastern transect. Thus, the geometries at depth are less certain. We emphasize that these restorations, like most restorations, are approximate, not only because of uncertainties in the current geometries of the syn-rift strata, but also because of uncertainties in the vitrinite-reflectance analysis, and the exact style and timing of deformation during and after rifting.
The first step of the restoration is to add the eroded synrift section indicated by the vitrinite-reflectance analysis (Fig. 10a) . The addition of the eroded material shows that: 1) the Passaic Formation and the youngest exposed syn-rift rocks once had a relatively constant thickness on both transects, and 2) ~2 km of syn-rift section, now eroded, once covered the youngest exposed syn-rift units on the northeastern transect (Fig. 10a) . The first observation, based on the erosion estimates from the vitrinite-reflectance analysis, agrees completely with the field and core data that show that the dip change for the entire Passaic Formation is ~1° and that the youngest syn-rift units and the underlying Passaic Formation have similar dip magnitudes.
The second step of the restoration involves the removal of the deformation that followed syn-rift deposition (Fig.  10b) . As discussed below, this includes most of the transverse folding, NW tilting, and intrabasin faulting. The order of deformation is unknown. The three events may have occurred separately, or two or three of the events may have occurred simultaneously (e.g., the NW tilting and the transverse folding; the NW tilting and the intrabasin faulting; the transverse folding and intrabasin faulting). The order in which we remove the post-rift deformation, however, does not affect the restoration at the end of syn-rift deposition. Significant erosion likely occurred during the transverse folding, NW tilting, and intrabasin faulting, minimizing the relief produced by the deformation.
1. Transverse folding. Although subtle thickness changes suggest that some transverse folding occurred during syn-rift deposition as a result of along-strike variations in fault displacement (Schlische 1992 (Schlische , 1995 , most of the folding (with limb dips of 30° to >50°) is post-depositional (e.g., Lucas et al. 1988; Schlische 2003) . We assume that many of the post-depositional transverse folds were related to a significant component of left-lateral strike-slip movement on the basin-bounding faults. We make this assumption for several reasons. First, left-lateral strike-slip on the NE-striking basin-bounding faults is kinematically compatible with the N-S shortening that affected the Newark basin after rifting (Lomando & Engelder 1984; Lucas et al. 1988) . Second, many transverse folds are present near right steps (or bends) in the basin-bounding fault system (e.g., the Ferndale fold on seismic line NB-1, Fig. 4a ). Right steps / bends would act as restraining bends, producing transverse folds, only if the basin-bounding fault system underwent a significant component of left-lateral strike-slip (Fig. 4b) . Third, out-of-plane motion on the basin-bounding fault system can explain linelength discrepancies in the transects (i.e., the folded syn-rift strata are too long relative to the basement). With an assumption of left-lateral strike-slip on the basin-bounding fault system, syn-rift strata originally deposited in the hanging wall of a basin-bounding fault to the southwest would later be transported to the northeast across a right step / bend, resulting in shortening (Fig. 4b) . Finally, the basinbounding faults of other basins of the eastern North American rift system (e.g., the Fundy basin) had a component of left-lateral strike-slip after rifting (e.g., Withjack et al. 2010) .
2. NW tilting. We removed the post-depositional NW tilting by rotating the transects 10° clockwise (Fig. 10b) . We assumed that the NW tilting was regional, involving the entire basin, the basin-bounding fault system, and the footwall of the basin-bounding fault system. Restricting the regional tilting to the hanging wall of the basin-bounding fault system produces significant space problems in the restorations because, as indicated by the seismic data, the basin-bounding fault zones are relatively planar ( Fig. 6 ; Reynolds, 1994) .
3. Intrabasin faulting. For the southwestern transect, we removed the offset on the major intrabasin fault by dip-slip translation along the fault. With dip-slip translation, the synrift strata align across the fault, indicating that most movement on the intrabasin fault occurred after syn-rift deposition (Fig. 10b) .
The reconstruction (addition of eroded syn-rift strata and removal of the post-depositional deformation) indicates that the Newark rift basin was much broader (perhaps >100 km wide) and deeper (up to 10 km) than it is today (Fig.  10b) . The basin-bounding fault system had significant displacement (i.e., >15 km on the moderately dipping fault zone on the southwest transect). To define the geometry of the Newark rift basin during rifting, we restored the seismically constrained southwestern transect B-B' (using OSX Backstrip, v. 2.9, Cardoza 2011) for several time intervals during rifting (i.e., the end of deposition of the Passaic, Lockatong, and Stockton formations, the end of deposition of the deep unexposed unit, and the onset of syn-rift deposition) (Fig. 11) . These restorations show that the geometry of the rift basin changed substantially as rifting progressed.
During the early stages of rifting, the basin was narrow and asymmetric, bounded on the northwest by a major fault zone. The early syn-rift strata (e.g., the Stockton Formation and the underlying unexposed unit) thickened toward the basin-bounding fault, and bedding dips gradually increased with depth. As rifting progressed, the basin widened and deepened. The syn-rift units deposited during the late stages of rifting (i.e., the sedimentary rocks and interbedded lava flows) exhibit a very gradual (if any) thickening toward the basin-bounding faults. The restoration suggests that the upper crust lengthened by about 15 km during the development of the Newark rift basin (Fig. 11) .
Discussion
Our work indicates that the geometry of the Newark basin changed significantly through time. During the early stages of rifting, the basin was narrow and asymmetric. As rifting continued, the Newark basin became wider (>100 km) and deeper (up to 10 km). As the basin widened, its northern end may have connected with the adjacent New York Bight basin, less than 100 km to the east (Hutchinson et al. 1986) (Fig. 12) . The Newark basin also may have connected with the Hartford basin, about 100 km to the northeast, during the later stages of rifting (Fig. 12) . Russell (1878) and Sanders (1963) long recognized that the Passaic and younger formations in the Newark basin are homotaxial to ageequivalent strata in the Hartford basin.
This similarity became more compelling with the discovery that the detailed cyclostratigraphy of the strata interbedded with and overlying the CAMP lava flows are correlative at the Milankovitch scale for the Newark and Hartford basins (Olsen et al. 1996 Whiteside et al., 2010) . Conceivably, this homotaxality and synchrony of events could reflect overriding large-scale regional processes such as Milankovitch-type climate cyclicity and pulsed igneous activity. That said, however, some events in the two basins were correlative at the annual-to centennial-scale. For example, the recently discovered 5-mm-thick Pompton Tuff in homotaxial lake-level cycles in the correlative Towaco (Newark basin) and East Berlin (Hartford basin) formations (Olsen 2011; Olsen & Philpotts 2011; ) is surrounded by distinctive and matching sequences of presumptive seasonal carbonate-organic couplets suggesting very tight synchrony of seasonal water-column changes in the two basins. The correlative character of these laminae, as well the homotaxial position of the tuff and surrounding strata within the secular trend of facies within the deep-water sequence of the correlative cycles, suggests that lake levels rose and fell precisely in-phase in the two basins. Such synchrony is simplest to envision in a single lake, rather than two separate water bodies with different drainage areas, which in turn is simplest to explain if the Newark and Hartford basins were contiguous from Passaic time to the end of syn-rift deposition (Fig. 12) .
The physical connection of the Newark basin with the Gettysburg basin to the southwest is well established (Fig.  1) . If the Newark basin also connected with the New York Bight basin to the east and/or the Hartford basin to the northeast as inferred here, then the resultant basin complex would be very large (both long and wide) during the final stages of rifting. The great length of the basin complex is consistent with the scaling relationship that shows that fault length scales approximately linearly with displacement (e.g., Schlische et al. 1996) . Based on this relationship, a basinbounding fault system with a displacement of ~15 km is expected to have a length of ~500 km. This estimate, however, has a large uncertainty because of scatter in the lengthdisplacement scaling data and because the basin-bounding fault system is a reactivated fault system (Kim & Sanderson 2005) .
As mentioned previously, three hypotheses have been proposed for the evolution of the rift basins of eastern North America: the local-basin, broad-terrane, and sag-basin hypotheses (Fig. 2) . We suggest that the evolution of the Newark rift basin has elements of each of these hypotheses. During the early stages of rifting, the Newark basin was narrow and asymmetric, bounded on one side by a major fault system as proposed in the local-basin hypothesis (e.g., Barrell 1915; Ratcliffe et al. 1986; Manspeizer 1988; Schlische 1993) . As rifting progressed, the basin widened significantly. The northern end of the Newark basin, if connected with the New York Bight basin and/or the southern Hartford basin as we postulate, would have had major fault systems on both sides as proposed in the broad-terrane hypothesis (e.g., Russell 1878; Sanders 1963). Our work shows that, although most of the intrabasin faulting, NW tilting, and transverse folding occurred after deposition as proposed by Faill (1973 Faill ( , 1988 Faill ( , 2003 Faill ( , 2005 in the sag-basin hypothesis, the basin-bounding fault system was active during deposition. Much of the post-rift deformation in eastern North America is associated with basin inversion as discussed by Withjack et al. (1995 Withjack et al. ( , 1998 Withjack et al. ( , 2012 , Schlische et al. (2003) , and .
Our work has several broad implications. 1) The youngest syn-rift units in the Newark rift basin have subtle thickness variations and great lateral extent and continuity. Without ample core, borehole, field, and seismic data, it is easy to mistake these syn-rift units for pre-rift or post-rift strata. Syn-rift units in other rift basins may have similar characteristics as those in the Newark basin. For example, some researchers have proposed that the Early to Late Jurassic strata in the Jeanne d'Arc rift basin (in the northern segment of the eastern North American rift system, Fig. 1 ), lacking obvious growth geometries, are associated with thermal subsidence, not rift-related subsidence (e.g., Enachescu 1987; Tankard & Welsink 1987; McAlpine 1990) . It is possible, however, that these strata were deposited in a very broad rift basin, like the Newark rift basin during its later stages of rifting. Several lines of evidence suggest that some rifting occurred during the Early to Late Jurassic in the Jeanne d'Arc basin . The thick section of strata of Early to Late Jurassic age within the Jeanne d'Arc basin, compared to the absence of these strata on the adjacent Bonavista platform, suggests that the basin-bounding faults were active during the Jurassic (Sinclair et al. 1999) . Furthermore, seismic sections from the southern Jeanne d'Arc basin, where the oldest strata are best imaged, clearly show that stratal packages of Early to Middle Jurassic age thicken toward the Murre basinbounding fault (Sinclair 1995; Withjack et al. 2012) .
2) The youngest syn-rift sedimentary strata within the Newark rift basin extended well beyond their present-day limits, indicating that no topographic barrier existed for either the sedimentary strata or for the interbedded CAMPrelated lava flows. Thus, the CAMP-related extrusive igneous rocks likely covered an area well beyond their presentday extent in the Newark basin, supporting the hypothesis of McHone (1996) . Using the distribution of CAMP-related dikes, McHone (1996) proposed that CAMP-related extrusive igneous rocks covered much of eastern North America. As discussed in Schaller et al. (2011) , the emplacement and weathering of such widespread igneous rocks would profoundly influence paleoclimate by providing highly reactive surfaces for carbonization by the CO 2 -enriched atmosphere caused by the eruption of CAMP.
3) Many of the basins in the eastern North American rift system (Fig. 1) , like the Newark basin, were much larger during the final stages of rifting than they are today. For example, recent studies using seismic, field, and/or vitrinitereflectance data show that the Fundy basin (Withjack et al. 1995; Withjack et al. 2009; Withjack et al. 2010) , the Taylorsville basin (Letourneau 2003; Malinconico 2003; Withjack et al. 2012) , and the Danville basin Withjack et al. 2012) were once larger, but subsequent erosion has reduced their widths considerably. These studies, together with this study of the Newark basin and the mapped distribution of the rift basins (Fig. 1) , suggest that the eastern North American rift system had a distinctive style characterized by a very broad zone of upper crustal extension with deep, wide, longlived, fault-bounded basins (like the Newark rift basin) accommodating much of the extension. We propose that this rifting style is related, in part, to rheological layering of the lithosphere and to inherited structural heterogeneities (Fig.  13a ). Numerical models of lithospheric extension (e.g., Huisman & Beaumont 2007; their figure 14) show that the presence of a weak lower crust and distributed pre-existing zones of weakness within the strong upper crust (as expected with prior orogenic activity) promotes the development of a wide zone of upper crustal extension. In our proposed model of rifting, the strong upper crust faulted, reactivating preexisting zones of weakness associated with the Paleozoic orogenic activity. In contrast, the weak lower crust stretched and thinned, decoupling the strong upper crust from the strong upper mantle. Initially, rift basins were narrow (Fig.  13b ), but as rifting progressed, the stretching and thinning of the lower crust produced very wide and deep basins (Fig.13c) .
Conclusions
We have used seismic, field, core, borehole, and vitrinitereflectance data to define the evolution of the Newark rift basin. The data are self-consistent, and indicate the evolution of the Newark basin was complex, with a geometry that changed significantly through time. During the early stages of rifting, the basin was narrow and asymmetric, bounded on the northwest by a major fault system. The oldest syn-rift strata (i.e., the Stockton Formation and the underlying unexposed syn-rift unit) clearly thicken toward the then-active fault system, reflecting a localized hanging-wall subsidence associated with the early stages of rifting. As rifting continued, the Newark basin progressively became wider (>100 km) and deeper (up to 10 km). The younger syn-rift units (i.e., the Lockatong and younger formations) exhibit subtle thickening toward the active basin-bounding fault system, reflecting the broad hanging-wall subsidence associated with the later stages of rifting; nonetheless, relief generated by footwall uplift provided a sediment source for the alluvialfan deposits present in the Lockatong and younger formations. Several intrabasin faults dissected the Newark basin after syn-rift deposition, and the basin fill was tilted (~10° NW) and folded. Erosion (up to 6 km) likely accompanied or post-dated the intrabasin faulting, NW tilting, and folding, significantly reducing the width and depth of the basin. This study, together with published studies of other basins of the eastern North American rift system, suggests that the rift system had a distinctive style characterized by a very broad zone of upper crustal extension with deep, wide, long-lived, fault-bounded basins (like the Newark rift basin) accommodating much of the extension. Local basins are narrow, faultbounded on one side (asymmetric) and do not widen appreciably through time. b. A broad-terrane basin is bounded on both sides by faults (symmetric); it is a full graben throughout its evolution. c. A composite basin begins its development as multiple local basins, which later combine to form a full graben. The exact evolution of composite basins depends on the spatial arrangement of basins and basin bounding faults (e.g., Cowie, 1998) . d. A sag basin is an unfaulted synclinal depression. (Fig. 6a) . Only the largest Paleozoic thrust faults are shown in the pre-rift rocks surrounding the basin. Because the slip direction on most faults is unknown and likely varied through time, only the cross-sectional separation and dip direction are indicated. Modified from Schlische (1992) and . Core-based stratigraphic column, magneticpolarity stratigraphy, and geologic ages for Newark basin. Simplified from Olsen et al. (1996 and Whiteside et al. (2007) . ACE = Army Core of Engineers cores (Olsen et al. 1996) . Black denotes normal magnetic polarity. Numerical ages of stage boundaries are based on astrochronology discussed in detail by tied to U-Pb dates from CAMP lavas (Schoene et al. 2010) . The section is displayed 1:1 assuming a velocity of 5 km s -1 . Note that the faults with reverse separation offsetting the contact between basement and Paleozoic pre-rift strata are subparallel to the basin-bounding fault and high-amplitude reflections in its footwall. TWTT is two-way travel time. Dow (1977) for determining eroded syn-rift strata by extrapolating regression line for log(10) vitrinite reflectance vs. depth back to 0.2% R o , the reflectance of early diagenetic woody plant matter. Also shown is the use of the Nursery reflectance vs. depth gradient for estimating eroded overburden for a surface vitrinite reflectance sample (westernmost surface sample on map in Fig. 9 ). Modified from Malinconico (2010) . Dow (1977) method applied to the Nursery core depth vs. log(10) % R o gradient (Fig. 8) , assuming that subsurface gradient was similar across the basin. Transects A-A' and B-B' (see Fig. 3 for legend) show estimated eroded syn-rift section (vertical bars) and error range associated with eroded section (grey area). Modified from Malinconico (2010) . Fig. 10 : a. Present-day geometry and restored geometry (utilizing the amount of erosion shown in Fig. 9 ) of the southwestern (B-B') and northeastern (A-A') transects of the Newark basin (see Fig. 3 for locations and Fig. 6 for legend) . Note that the restored depositional surface at the end of rifting is subparallel to the lava flows as well as the contact between the Lockatong and Passaic formations. Restored geometries of the northeastern and southwestern transects of the Newark basin produced by removing the post-rift deformation (folding, intrabasinal faulting, and regional tilting of 10°). The sequence of these post-rift deformational events is unknown, and some may have occurred at the same time. Therefore, the left-to-right sequence should not be interpreted as a temporal progression. Fig. 6 ) to various times during the syn-rift development of the Newark basin (see Fig. 6 for legend). The restoration involves decompaction of the sedimentary rocks using OSX BackStrip v. 2.0. (Cardoza 2011) assuming an exponential decrease of porosity with depth with a surface porosity of 50% and a porosity coefficient of 0.5. We also assume that: 1) the basin-bounding fault had pure dipslip during rifting, 2) the basement geometry east of the transect has the same shape as that in the transect, and 3) the reverse separation on the basin-bounding fault prior to rifting and the footwall erosion during rifting were limited. This latter assumption yields a minimal value for the amount of lengthening during rifting. Note that, in the restoration, the basin is markedly asymmetric and narrow during the earliest stages of rift development and widens during deposition. This is especially marked during the deposition of the Passaic Formation (11b) and younger units (11a). and removal of post-rift deformation. For the restored basin geometry, we assume that the basement geometry in the transects continues toward the east. If the basement inclination decreases more than shown, then the restored width of the basin would increase. If the basement inclination increases toward the east (an unlikely geometry), then the restored width would decrease. Thin and thick dashed lines show our interpreted extent of Newark basin at the end of deposition of the Stockton and Lockatong formations, respectively. The Newark, New York Bight, and Hartford basins may have connected during deposition of the Passaic Formation and younger units. Note that we have not reconstructed the geometries of the New York Bight and Hartford basins; only their present-day geometries are shown. Base map is modified from Hutchinson et al. (1986) .
Fig. 13:
Schematic regional cross section of eastern North America (crossing Newark rift basin at the location of the southwestern transect, B-B') through time: a) after Paleozoic shortening and before rifting, b) during early stages of rifting, and c) during final stages of rifting after syn-rift deposition. As rifting progressed, the strong upper crust faulted. Many faults were reactivated pre-existing structures associated with Paleozoic orogenies. The lower crust (interpreted as weak) stretched and thinned. Insets show restorations (Fig. 11 ) during early and final stages of rifting.
